Vacuolar protein sorting 35 (VPS35) is a core component of the retromer complex, crucial to endosomal protein sorting and intracellular trafficking. We recently linked a mutation in VPS35 (p.D620N) to familial parkinsonism. Here, we characterize human VPS35 and retromer function in mature murine neuronal cultures and investigate neuron-specific consequences of the p.D620N mutation. We find VPS35 localizes to dendritic spines and is involved in the trafficking of excitatory AMPA-type glutamate receptors (AMPARs). Fundamental neuronal processes, including excitatory synaptic transmission, AMPAR surface expression and synaptic recycling are altered by VPS35 overexpression. VPS35 p.D620N acts as a loss-of-function mutation with respect to VPS35 activity regulating synaptic transmission and AMPAR recycling in mouse cortical neurons and dopamine neuron-like cells produced from induced pluripotent stem cells of human p.D620N carriers. Such perturbations to synaptic function likely produce chronic pathophysiological stress upon neuronal circuits that may contribute to neurodegeneration in this, and other, forms of parkinsonism.
Introduction
The pentameric retromer complex is a critical element of the eukaryotic endosomal sorting machinery that is composed of vacuolar protein sorting 35 (VPS35), VPS26, VPS29 and SNX family accessory proteins. Retromer is expressed in all cell types and functions to sort various cargo from endosomes to other cellular compartments (1, 2) . Retromer is implicated in neurodegenerative diseases, including frontotemporal lobar dementia (3) and Alzheimer's disease (AD) (4, 5) . Recently, a mutation in VPS35 ( p.D620N) was linked to familial parkinsonism in multiple kindreds from diverse ethnic backgrounds (6) . VPS35 parkinsonism presents clinically in a manner indistinguishable from idiopathic Parkinson's disease (PD), making it a good model for studying human PD (7) .
It is becoming apparent that VPS35 and retromer have specific neuronal functions; emerging reports show that VPS35 is expressed in mammalian neurons and is present throughout axons and dendrites (8, 9) . In mice, knockout of VPS35 is embryonic lethal (10) , whereas transient knock-down during development † Contributed equally. leads to dystrophic dendrites and altered dendritic spine formation (11) . Within neuronal cells, retromer is involved in retrograde trafficking of APP and BACE1, both of which are important in AD (8, 11) . Retromer also mediates plasma membrane trafficking of intracellular signaling components, such as glucose transporter 1 (2) and the beta2 adrenergic receptor (β2AR) in both cell lines (12) and neurons (9) . In Drosphila, knockout of VPS35 leads to impaired bouton formation through impaired actin dynamics both pre-and postsynaptically (13) . Other indirect evidence in invertebrate model systems suggests that retromer plays a role in the trafficking of other neurotransmitter receptors, including AMPA receptor subunits (14) . Acute retromer knock-down has also been shown to reduce both AMPA and NMDA receptor-mediated evoked excitatory currents (9) , suggesting that it may be involved in presynaptic release, synapse maintenance or trafficking of neurotransmitter receptors in mammalian cells. With respect to function in neurons, there is currently discordance in the literature as to the effects of the VPS35 p.D620N mutation. Overexpression of wild-type (WT) VPS35 has been shown to be neuroprotective to dopaminergic neurons exposed to mitochondrial toxins in vitro (15) ; yet others report that overexpression of either VPS35 or VPS35 p.D620N is neurotoxic in vitro and in vivo (16) . Despite both normal and mutant VPS35 being neurotoxic, Tsika et al. (16) show that VPS35 p.D620N has additional detrimental effects that enhance nigrostriatal axonal degeneration, relative to WT, after viral delivery to rat midbrain. Collectively, the literature led us to hypothesize that VPS35 has neuron-specific functions that are affected by the presence of the p.D620N mutation.
Results

VPS35 is localized throughout neurites and within dendritic spines
The study of human VPS35 expression in mature neurons requires tagged exogenous proteins that retain biological function and are driven by long-lasting promoters. We first characterized the overexpression of VPS35 with V5 and GFP or YFP fluorophore tags on AAV plasmids driven by a long-lasting (CAG/β-actin) promoter. Tagging with V5 allowed the VPS35 human transgene to efficiently bind the other essential components of the retromer cargo-selective complex (retromer-CSC), namely VPS26 and VPS29, as assayed by co-immunoprecipitation in HEK293 cells (Supplementary Material , Fig. S1A) ; however, C-terminal tagged YFP reduced, and N-terminal tagged GFP severely disrupted subunit interactions (Supplementary Material, Fig. S1A ). Interference may be predicted based on the molecular mass of these fluorophores, which may affect binding of VPS26 or 29 at the N-and C-terminals of VPS35, respectively (17) . Consequently, a flexible poly-glycine linker (6xG) was inserted between the fluorescent tag and VPS35, as previously described (18) . The linker between GFP and the N-terminal improved VPS35 interactions with other subunits, whereas insertion at the C-terminal of VPS35 (VPS35-6G-GFP) retained the greatest affinity for VPS26 and VPS29 binding (Supplementary Material, Fig. S1B ). Therefore, we employed low levels (∼1.5-fold) of constitutive expression of tagged VPS35 in primary neuron cultures as the basis for several aspects of this study.
Long-term neuronal expression of VPS35 was achieved by nucleofecting primary cortical cultures at day of plating and allowing them to mature to at least 21 days in vitro (div) (19, 20) . In div21 cortical neurons, exogenous human V5-VPS35 and VPS35-6G-GFP mirror the distribution of endogenous mouse VPS35 throughout the cell body, dendrites and axons (Fig. 1A-D) in agreement with other recent reports (8, 9, 21) . Unlike previous reports, we additionally found that endogenous mouse and overexpressed human VPS35 localized to ∼35% of dendritic spines in relatively mature div21 cortical cells (Fig. 1A-C) , and striatal neurons grown in cortico-striatal co-cultures (Fig. 1D) . By live-cell confocal video microscopy, we consistently observe VPS35 trafficking into and out of spines, suggesting specific synaptic functions (Fig. 1E-G and Supplementary Material, Movie S1). Interestingly, it appears that VPS35 is endosomally localized in and near spines, as it is noticeably present as bright puncta-like clusters (see Supplementary Material, Movie S1 and Fig. 1F T 0-20 and Fig. 1G ), which appear to move out of the spine as discrete endosome-like structures (Supplementary Material, Movie S1 and Fig. 1F T [20] [21] [22] and Fig. 1G ). However, the reappearance in the spine occurs slowly over time, which may indicate that VPS35 enters the spine in a more soluble fashion (Supplementary Material, Movie S1 and Fig. 1F T and Fig. 1G ). Alternatively, others have reported that retromer forms, and travels with, endosomal tubulo-vesicular extensions, which may account for the fluid movements observed in our live-cell experiments (22) . Site-directed mutagenesis was employed to alter the VPS35-6G-GFP and V5-VPS35 constructs to encode the PD-linked p.D620N substitution (DN in figure labels). Co-immunoprecipitation experiments in HEK293 cells confirmed that the p.D620N mutation does not significantly disrupt retromer-CSC trimer assembly or normal cargo binding (Sortilin), in agreement with prior reports (6,9,16,23) ( Fig. 2A) . Based on nucleofection efficiency and western blot analysis of protein levels, we estimate that our VPS35-6G-GFP constructs result in a 1.5-fold increase in VPS35 protein expression in nucleofected cells (Fig. 2B) .
Characterization of VPS35 p.D620N in mature neurons
We find that VPS35 p.D620N is distributed throughout the cell body, neurites and also in dendritic spines in the same pattern as WT overexpressed or endogenous VPS35 (Fig. 3) . Expression of these constructs in mature cortical neurons did not alter the levels of endogenous VPS35, other retromer-CSC proteins or the level of retromer cargoes, and overexpression levels of DN were the same as WT (Fig. 2B and C) . Other retromer-associated proteins such as VPS26 (an additional component of retromer-CSC) and sortilin (additional cargo) also localize similarly throughout the neuron (Fig. 3A) . Co-localization analysis of VPS35 WT and p.D620N in dendrites showed no significant difference in co-localization co-efficients or puncta overlap between VPS35 WT or p.D620N with either VPS26 or sortilin (Fig. 3A) . When examining the sub-cellular localization of VPS35, we found ∼35% of all dendritic spines contained VPS35 (Figs 1A-D and 3B) and that p.D620N mutant VPS35 was found in spines ∼30% less frequently than WT (Fig. 3B) . Although there was a strong trend to reduced protrusion number (Fig. 3B ), there were no differences in protrusion type (thin, stubby and mushroom-like spines or filopodia; Supplementary Material, Fig. S2 ) induced by overexpression of VPS35 p.D620N, compared with WT.
As VPS35 p.D620N altered VPS35 localization into and out of spines, we hypothesized that retromer trafficking dynamics may be altered. Others have described VPS35 motility in neuronal processes (8, 9 ) and here we performed live-cell video confocal microscopy in neurons expressing VPS35 WT or p.D620N. In agreement with others (9), we find that VPS35 puncta move within limited regions in dendrites at ∼100-200 nm/s; within these regions, VPS35 moves equally in all directions relative to the cell body (Fig. 3C) . VPS35 p.D620N motility was significantly reduced, relative to WT, and occurred equally, regardless of whether clusters were motile over short-or long-distances and did so without alteration to directionality of movement ( Fig. 3C and Supplementary Material, Fig. S3 and Movies S2-S4). Altered VPS35 p.D620N motility and dendritic spine mis-localization suggest that neuron-specific, potentially synaptic, cargo trafficking may be affected by the mutation.
VPS35 binds neurotransmitter receptor subunits and affects the localization and motility of GluR1
In C. elegans, GLR-1 neurotransmitter receptor puncta density and brightness are decreased when retromer proteins (including VPS35) or other components of the endosomal recycling pathway are mutated (14) . Others have recently showed that evoked glutamate currents are reduced by acute knock-down of VPS35 in hippocampal slice cultures (9) . To test for novel VPS35 interactions with neurotransmitter receptors, we performed co-immunoprecipitation in mouse cortical tissue. We found that GluR subunits (the mammalian homologue of GLR-1) co-immunoprecipitate with endogenous VPS35; there was a marked interaction between VPS35 and GluR1 and, to a lesser extent, GluR2 (Fig. 4A ). This varied association may be due to differences in SNX27 binding, as suggested by a recent report (24) . Herein, due to relatively enriched interactions with GluR1, we focused on excitatory synaptic transmission and GluR1 trafficking.
Both endogenous and exogenously expressed VPS35 exhibited a high level of juxtaposition and consistent pixel overlap with dendritic GluR1, indicative of GluR1 potentially being associated with a certain subdomain of the retromer positive endosome ( Fig. 4B and C) . VPS35 p.D620N exhibited a small but significant increase in dendritic GluR1 colocalization (Fig. 4C) . Immunofluorescence was performed using antibodies against GFP and VPS35; VPS35 is localized within somatic (data not shown), axonal, dendritic and spine compartments. (B) V5-VPS35 and GFP were co-nucleofected as in (A) immunofluorescence was performed for the V5 tag. We find V5-VPS35 localizes to dendrites, axons and spines and appears punctate in neurons. (C) VPS35-6G-GFP was nucleofected as in (C) and immunofluorescence against GFP and MAP showed that VPS35-6G-GFP localizes in the same manner as V5-VPS35 and endogenous VPS35. (D) Striatal neurons, in cortico-striatal co-cultures, were nucleofected with tdTomato fill and VPS35-6G-GFP at day of plating and showed a similar pattern of VPS35 localization at div21. (E-G) Live cell imaging of div21 cortical neurons nucleofected with tdTomato fill and VPS35-6G-GFP was performed at 60× on a confocal microscope, 1 µm z-stacks were recorded every 30 s. Max projections show VPS35 dynamically entering and exiting spines (T = time in minutes). Graph shows relative spine fluorescence intensity (yellow ellipse ROI) changes for fill (red) and VPS35 (green) over time during dynamic trafficking into and out of the spine. Scale bar = 10 µm.
GluR1 cluster intensity was also increased in neurons expressing VPS35 p.D620N (Fig. 4D) , suggesting a greater number of receptors within those clusters. We then examined the co-localization of VPS35 with PSD95, to see if altered colocalization was ubiquitous to other synaptic proteins, and found that VPS35 co-localizes with the excitatory postsynaptic marker PSD95 in div21 neurons. This is in contrast to a recent report in developing div14 cells, which may not yet have established large numbers of spines or excitatory synapses (8) , and a second conducted in striatal monocultures (9) that lacked the excitatory synaptic input from glutamatergic cells required for the formation of dendritic spines (19, 20) . Along with GluR1 binding, the association of VPS35 with PSD95 indicates a potential locus for postsynaptic dysfunction; however, there was no difference in VPS35-PSD95 co-localization in the presence of p.D620N (Fig. 4E ). Synaptic localization also suggests VPS35 may have different functions in developing neurons, compared with mature neurons, and be important for excitatory transmission after spine maturation.
To test whether VPS35 affects the surface expression, and therefore the functionally active population, of GluR1-containing AMPA-type glutamate receptors (AMPARs), we co-expressed V5-VPS35 with super-ecliptic pHluorin-GluR1 (SEP-GluR1), which has pH-dependent fluorescence producing high signal intensity on the cell surface and negligible internal fluorescence (25) in div10 primary rat cortical neurons, which are more amenable to transient transfection than mouse primary neurons. After 7 days' expression (div17), we quantified GluR1 surface turnover by Fluorescence recovery after photobleaching (FRAP) of SEPGluR1 positive puncta (Fig. 5) . SEP-GluR1 clusters were identified on dendrites and photobleached as a small region of interest (ROI) (Fig. 5A ). We found overexpression of VPS35 WT resulted in a significant decrease in SEP-GluR1 recovery levels relative to p.D620N or control at spines ( Fig. 5B and C) . This impaired fluorescence recovery indicates that VPS35 WT overexpression results in either (i) an increase in immobile GluR1 on the membrane surface or (ii) a reduction in the rate of GluR1 delivery to the surface (26) . The effect of VPS35 overexpression on this recovery was entirely lost in the presence of the p.D620N mutation.
VPS35 alters synapse density and affects excitatory synaptic transmission
Others have shown that knock-down of retromer alters delivery of β2ARs to dendritic membranes in cell culture and also reduces evoked glutamate currents in cultured hippocampal brain slices (9) . Reductions in evoked glutamate current amplitude after VPS35 knock-down could be explained by altered receptor trafficking, but also by other factors such as changes to presynaptic release probability or synapse number. Due to our observations of altered GluR1 co-localization, altered surface turnover and decreased cluster intensity of GluR1 in the presence of increased levels of VPS35, one would predict that spontaneous excitatory synaptic transmission will also be affected by the overexpression of VPS35 WT and differentially so by p.D620N. We conclude from the FRAP experiments that VPS35 overexpression produces either (i) a decrease in plasma membrane recycling of GluR1, which would manifest as decreased AMPAmediated current amplitudes, or (ii) an increase in synaptic GluR1 (immobile GluR1), resulting in increased AMPA-current amplitudes. To test this, we assayed synaptic activity and GluR1-containing AMPAR function by whole-cell patch-clamp recording and analysis of miniature excitatory postsynaptic currents (mEPSCs) in div21-26 cortical neurons expressing VPS35 WT or p.D620N. We found that overexpression of either VPS35 WT or p.D620N significantly decreased the frequency of mEPSCs ( Fig. 6A and B) , indicating either a reduction in presynaptic release probability or fewer synapses. Thus, synaptic transmission and/or connectivity are reduced by VPS35 overexpression and potentially regulated by VPS35 activity. The amplitude of mEPSCs, determined by postsynaptic AMPAR number, was significantly decreased in neurons expressing VPS35 WT relative to control and p.D620N (both GFP-and V5-tagged VPS35; Fig. 6A and C and Supplementary Material, Fig. S4 ). The data add further support to the conclusion that AMPAR trafficking is regulated by VPS35 and that this function is impaired by the p.D620N mutation, resulting in increased AMPAR surface localization at synapses, consistent with the imaging results (Fig. 4C) .
Decreases in mEPSC frequency were accompanied by, and likely because of, a significant decrease in synapse density, as determined by the colocalization of postsynaptic (PSD95) and presynaptic (synapsin) markers along dendrites in neurons expressing either VPS35 WT or p.D620N (Fig. 6D-E) . Importantly, we saw no effect on the frequency or amplitude of GABA-mediated miniature inhibitory postsynaptic currents (Fig. 6F) , suggesting that VPS35 specifically regulates excitatory transmission, rather than having a ubiquitous effect upon all synapses and receptors.
Increase in GluR1 cluster intensity in p.D620N human dopaminergic-like neurons
To determine whether the effects we observed in murine cortical cultures are intrinsic to the mutation, we investigated VPS35 and GluR1 in a patient-derived, biologically relevant cell model. We examined GluR1 cluster intensity in dopamine-like neurons transformed from the induced pluripotent stem (iPS) cells of two VPS35 PD patients' fibroblasts (27) . These individuals both carry the c.1858G>A mutation that encodes the p.D620N substitution. We compared these dopamine-like neurons with those from two controls lacking the VPS35 mutation (28, 29) . The newly established iPS cell lines were examined for markers of pluripotency (Fig. 7A-C) and post-differentiation immunofluorescent staining confirmed successful conversion to dopamine-like neurons for all four cell lines ( patients and controls) by the neuron-specific marker neuronal class III beta-tubulin (TUJ1) and the dopaminergic cell marker tyrosine hydroxylase (TH, Fig. 7D ). Only TH-immunopositive cells were used for further analyses and by examining the intensity of the endogenous GluR1 clusters in these cells we found a significant increase in GluR1 cluster intensity in the p. D620N expressing human dopaminergic neurons ( Fig. 7E and F) . The results are similar to those observed in the mouse cortical Immunofluorescence was performed using antibodies against GFP, MAP and V5. There was no difference in the density of dendritic protrusions in WT versus DN cells [density was quantified both manually and by cell profiler (see Materials and Methods)], but there was a significant decrease in the number of spines containing VPS35 DN, relative to WT [n = 30(3), *P = 0.0004]. (C) Retromer motility was assessed by VPS35-6G-GFP particle tracking in div14 cortical neurons; 1 µm z-stacks (20 µm sections of secondary dendrite adjacent to a branch point. Average 6 puncta/20 µm section) showed that DN particle motility is decreased, relative to WT (n = 9(3), *P = 0.0004).
neurons (Fig. 4D) ; indicating similarly defective endogenous GluR1 trafficking in dopamine-like neurons derived directly from VPS35 PD patients.
Discussion
An understanding of retromer neurobiology is only just emerging. We find that VPS35 localizes throughout the neuron, in axons and dendrites, in agreement with others. We also find VPS35 in dendritic spines that co-localized with the synaptic marker PSD95. This is in contrast to previous reports where VPS35 did not co-localize with PSD95 or reside in spines in either hippocampal neurons (8) or striatal neurons grown in monoculture (9) . These studies were conducted in developing neurons (div7-14) (8), whereas this body of work concerned more mature neurons after synaptogenesis and synapse maturation (div21). Similarly, the results of Choy et al. (9) were from experiments with div7-14 striatal monocultures in which cells do not form spines due to a lack of the glutamatergic input required for spinogenesis (19) . We find VPS35 (dynamically) localizes to and from spines in mature striatal neurons, when they are grown in co-culture with cortical neurons. Our work highlights the fact that VPS35 and retromer may have different functions in developing neurons compared with mature neurons, and that VPS35 is likely involved in the regulation of synaptic elements.
Here, we add to the contemporary literature suggesting that VPS35 and retromer are involved in endosomal recycling of neurotransmitter receptors and go on to present evidence for VPS35 binding and trafficking of GluR1 AMPAR subunits. Furthermore, the p.D620N mutation, causal to autosomal dominant parkinsonism, may affect the ability of VPS35 to properly traffic these receptor subunits and produces significant alterations to synaptic transmission. Our data suggest that the p.D620N may produce a 'loss-of-function' effect with respect to AMPAR recycling and excitatory synaptic transmission. Importantly, we demonstrate that VPS35 p.D620N does not affect all retromer endogenous VPS35 was performed in lysates from mouse cortex. GluR1 and GluR2 (to a much lesser extent) co-IP with VPS35 indicating that retromer may regulate receptor subunit trafficking. (B) Immunofluorescence was performed in div21 cortical neurons using antibodies against VPS35, GluR1 and MAP. We find that VPS35 and GluR1 co-localize. (C) Cortical neurons were nucleofected with either VPS35-6G-GFP WT or DN on day of plating and immunofluorescence was performed at div21 using antibodies against GFP, MAP and GluR1. There is an increase in the Pearson's coefficient (n = 10, *P = 0.0468) and percent of GluR1-VPS35 puncta co-localization function; mutant VPS35 still forms the retromer-CSC and localizes normally with select cargoes in neurons, in agreement with other recent studies (9, 16, 23) , and both WT and mutant VPS35 reduce the number of synapses when overexpressed throughout synaptic development and maturation.
There is at this time very little known about the detrimental effects of p.D620N. Previous reports show in cell lines that p. D620N expression increases VPS35 co-localization with the early endosomal marker EEA1 and perturbs the localization of the cationic mannose-6-phosphate receptor (CI-MPR), a well-described cargo of retromer critical to healthy lysosomal function (23, 30) . We observe a similar significant (but very small) effect in neurons. In contrast, other recent reports suggest that the mutation does not affect trafficking of cargoes like CI-MPR in neurons (16, 31) . As CI-MPRs are functionally required in many cell types, such a ubiquitous effect might be incongruous with the neuron-specific degeneration characteristic of late-onset neurodegeneration. Here, our data show that VPS35 p.D620N perturbs synaptic transmission; arguably, the fundamental neurophysiological process that dictates the ability of a neuron to perform its primary function of the receipt, storage and transmission of information, in addition to being required for neuronal pro-survival signaling (32) . We also find that inhibitory synaptic transmission is unaffected, suggesting retromer function is somewhat specific to trafficking excitatory receptors. This supposition is consistent with acute knock-down of VPS35 in slice culture reducing both AMPA and NMDA transmission while having no effect on evoked GABA currents (9) .
Overexpression of VPS35 altered GluR1 recycling. This effect was lost with mutant VPS35 and therefore consistent with p.D620N loss of function, at least for regulation of AMPAR localization and activity. The changes we observed in mEPSC amplitude are believed to correlate directly with synaptic AMPAR receptor subunit numbers (33) and, intriguingly, VPS35 appears to have a greater affinity for GluR1 than GluR2 subunits (Fig. 4A ). This may be indicative of retromer involvement in preferential trafficking of a subset of AMPA receptors, based on specific trafficking requirements, e.g. heteromeric AMPARs containing GluR1 are moved into synapses in an activity-dependent manner by exocytosis and lateral diffusion, whereas GluR2-containing receptors are constitutively recycled in and out of synapses (26) . The increased interaction of VPS35 with GluR1 suggests that retromer may be more involved in activity-dependent AMPAR trafficking than constitutive recycling and therefore important in the induction and expression of synaptic plasticity.
The retromer-CSC has the ability to discriminate between cargo substrates and direct alternate sorting fates through interactions with the other retromer components and accessory proteins required for specific cargo/membrane associations. The diverse SNX family of proteins that also form the pentameric retromer complex (in addition to the retromer-CSC) regulate membrane binding, tubulation, scission and sorting of cargoes to different components of the endosomal recycling system (2, 12, (34) (35) (36) . Notably, SNX27 is implicated in retromer-dependent trafficking of glucose transporters from endosomes to the plasma membrane (2). This is mediated by the glucose transporter's C′-terminal type-1 PDZ domain; pertinently, the long C′-terminal of GluR1 also contains a type-1 PDZ domain, unlike the type-2 PDZ domain present in the short C′-terminal of GluR2. Thus, retromer-dependent trafficking of specific receptor subunits is likely mediated via different accessory protein associations and C-terminal binding interactions (24) . 
064) . There is no differential effect between WT and DN (iii). (C)
Relative to GFP alone, overexpression of WT VPS35 resulted in a small decrease in (i) mean mEPSC amplitude (one-way ANOVA P = 0.0379, K = 6.547, Dunn's post test *P < 0.05) that translated as a significant interaction effect by cumulative probability plot (ii) with a significant interaction between GFP and WT (two-way RM-ANOVA **interaction P = 0.0035, F (15,705) = 2.295).
DN overexpression resulted in a robust and significant increase in mEPSC amplitude, relative to WT, by both (i) cell mean amplitude and (iii) cumulative probability (two-way RM-ANOVA *mutation P = 0.0281, F(1,53) = 5.097, ****interaction P = 0.0001, F(15,795) = 3.698). (D-E) V5-VPS35 and GFP-fill were nucleofected into cortical neurons at day of plating and fixed at div21. Immunofluorescence was performed using antibodies against GFP, the presynaptic marker synapsin and the postsynaptic marker PSD95. Synapses were scored as overlapping synapsin and PSD95 clusters to determine co-cluster (synapse) density. There is no difference in percent of PSD95 colocalizing with synapsin; however, there was a significant decrease in synaptic density for both WT and DN compared with GFP alone. n = 27(3) *P = 0.0001. (F) There were no effects of VPS35 overexpression or mutation upon miniature inhibitory postsynaptic currents (IPSCs) mediated by GABAA receptors. These data show that VPS35 does not have a ubiquitous effect on all neurotransmitter receptor trafficking pathways. Scale bar = 5 µm.
Retromer-mediated endosomal sorting is also modulated by the WASH complex, which in concert with SNX27 and retromer regulates recycling of cargos to the plasma membrane in an actin-dependent manner (37) . In contrast, microtubule-dependent trafficking is believed to direct cargo back to the trans-Golgi (37) . Recent evidence supports a disruption of VPS35 function in the presence of p.D620N with respect to surface recycling opposed to retrograde endosome-Golgi retrieval (31) . The p.D620N mutation has been shown to confer a partial loss of function and inhibit the association of retromer with the WASH complex There was significantly increased GluR1 fluorescence in VPS35 DN mutant cells (mean integrated Intensity *0.0017, mean average intensity *0.0047). (F) Cumulative probability plots of the integrated intensity across puncta demonstrated similarly increased GluR1 puncta fluorescence (sum of all intensities per cluster, two-way ANOVA P = 0.0039, F (1,34) = 9.59, ***interaction P < 0.0001, F (43,1462) = 5.75). Scale bar = 5 µm.
in cell lines, resulting in impaired autophagasome formation (31). Therefore, it is possible that WASH-retromer interactions direct GluR1 recycling (2, 12) . Recently, SNX27 has been shown to be involved in the trafficking of AMPARs to synapses in an activity-dependent manner (24) . It is likely this is mediated by retromer, highlighting the importance of retromer in spines and eluding to a potential dysfunction being SNX27 binding. In support of these data, we found that inhibition of actin polymerization by cytochalasin D entirely halted the motility of dendritic VPS35; whereas inhibition of microtubule polymerization by colchicine had no noticeable effect (data not shown). Ongoing studies are probing the potential mechanistic link between WASH, SNX27, VPS35 p.D620N and altered GluR1 trafficking.
Functional retromer exists as an equimolar complex of the three VPS subunits (38) . When overexpressed, VPS35 did not affect levels of endogenous retromer subunits implying the existence of unassembled VPS35, which may produce aberrant cellular effects. Levels of VPS35 are reduced in AD and PD brain, and within regions vulnerable to the disease process (30, 39) . Maintaining levels of VPS35 protein may be crucial to neuronal function, and negative consequences might be expected from reduced protein levels or loss-of-function effects induced by the p.D620N mutation. Here, we note that overexpressing VPS35 has significant effects on neuronal properties, including synapse number and AMPAR localization. The effects upon AMPARs are lost in the presence of the p.D620N mutant, indicating that the mutation may specifically affect neurotransmitter receptor recycling. In support of this notion, we found an increase in GluR1 cluster intensity in human dopaminergic neurons derived from PD patient iPS cells harboring the p.D620N mutation. This supports the notion that GluR1 recycling is affected by the mutation in the neuronal population characteristically lost in PD. We posit that VPS35 interactions may also be involved in the trafficking of many neurotransmitter cargos, potentially enriched in dopaminergic neurons; such interactions, and their relevance for PD, is the basis of ongoing studies.
Genetic variability in SNCA, LRRK2, VPS35 and most recently DNAJC13 are linked to late-onset Lewy-body parkinsonism (40) . Importantly, these proteins all affect the endosome recycling system (27,40); we and others have previously reported that LRRK2, VPS35 and DNAJC13 co-immunoprecipitate (30, 41, 42) , and it is becoming increasingly clear that they all functionally converge with respect to receptor recycling and neurotransmission (30, (43) (44) (45) (46) . The collective evidence supports the emerging hypothesis that chronic synaptic dysfunction, and the eventual failure of compensatory mechanisms is an important pathophysiological trigger in the etiology of PD and related disorders.
Materials and Methods
Constructs
V5-hVPS35 WT and p.D620N constructs were as described previously (6). V5-VPS35 was subcloned using PCR primers with 5′ BamHI and 3′ EcoRV overhangs and cloning was performed between BamHI and EcoRV sites of pAAV-GFP-CAG vector (Addgene 37825). To create either GFP-VPS35, VPS35-6G-GFP or GFP-6G-VPS35, PCR was made amenable to D-TOPO cloning procedures (Invitrogen) by standard protocol or with six glycines added to the forward or reverse primer and then VPS35 WT or p.D620N were cloned into D-TOPO. Gateway cloning was used to produce all constructs with either pcDNA6.2emGFP-C-pDEST or pcDNA6.2emGFP-N-pDEST (Invitrogen) backbones. The same cloning strategy was used as for V5 to clone VPS35-6G-GFP (WT or p.D620N) into the pAAV-CAG construct. All primers were produced by IDT and fully sequenced in-house using the 3730xl DNA analyzer. All primer sequences available upon request. YFP-VPS35 was a kind gift from Heidi McBride. tdTomato was a kind gift from Ann Marie Craig. SEP-GluR1 was purchased (Addgene 24000).
Cell culture and transfection
HEK293 cells were grown in Dulbecco's modified Eagle's medium (Invitrogen) with 10% fetal bovine serum (Invitrogen) at 37°C with 5% CO 2 . Transfection was performed using the cationicpolymer-based in vitro transfection reagent Turbofect TM (Fermentas) according to the manufacturer's instructions. Plasmids were expressed for 12-16 h prior to experimental processing.
Primary culture
C57BL/6J mice were maintained according to Canadian Council on Animal Care regulations. Cultures were prepared as previously described (20) ; briefly, cortical or striatal neurons were isolated from pups of either sex at E16.5, brains were removed and placed on ice in Hank's Balanced Salt Solution (HBSS, GIBCO). Twentyfour well plates were seeded at 115k cells/well in 1 ml plating medium (PM, 2% B27 + 1/100 penicillin/streptomycin, Invitrogen; 0.5 m α-glutamine; neurobasal medium, GIBCO). From div4, 10% of media was added every 3-5 days.
Nucleofection
Two million primary cortical neurons were nucleofected with 2 µg DNA using reagents and cuvettes from Nucleofector™ Kits for Mouse Neurons (Lonza) with the Amaxa Nucleofector2b (Lonza). Cells were immediately mixed with an equal number of non-nuclefected cells and plated at 200 k cells/well in 1 ml plating medium. For double nucleofection experiments, a 2 : 1 molar ratio was used of V5-VPS35:reporter construct. Post hoc immunofluorescence was always performed to assure >95% of cells in a culture expressing the reporter were co-expressing the V5-VPS35 construct. For cortico-striatal cultures, 2 million striatal cells were nucleofected as described and immediately mixed with an equal number of non-nucleofected cortical cells. Cells were plated as described.
Imaging and analysis
All images were obtained with an Olympus Fluoview 1000 confocal microscope and acquired as 0.5 µm z-stacks at 60× magnification (+2× zoom). Images were flattened with the max projection function of ImageJ. Excitation and acquisition parameters were constrained across all paired comparisons. For co-localization analysis, stacks in all three channels contained all visible dendritic MAP2 staining, or for DA neurons in cells with TH staining. For cluster analysis, images were manually thresholded and binarized with experimenter blind to construct. MAP2, TH or GFP-fill was used to mask the neurons of interest and soma were excluded from analysis. Pearson's coefficient was obtained using an intensity correlation analysis plugin from Macbiophotonics ImageJ (www.macbiophotonics.ca). For puncta, overlap images were binarized after masking and analyzed using CellProfiler cell image analysis software (http://www.cellprofiler.org). For spine analysis, puncta that co-localized with GFP but were outside of MAP2 stain were counted using CellProfiler. For spine types, ∼20 µm sections of non-overlapping dendrite were taken from each image. Spines were manually defined based on previously defined morphological criteria (47) . For puncta intensity analysis, cell dendrites were used to mask cell of interest and puncta within the ROI were binarized to produce a mask. Mask was applied to original image and CellProfiler was used to obtain puncta intensity measurements from the original unaltered image. For all image analysis experiments, the researcher was blind to transfected construct. Data are expressed as mean ± SEM CellProfiler pipelines available upon request.
Fluorescence recovery after photobleaching A 1 µm diameter circular ROI was photobleached within a spine head using the tornado function within Fluoview software (Olympus). Initial images were taken prior to photobleaching. Dendritic spines were imaged every 10 s for 7.5 min after photobleaching. The fluorescence of SEP-GluR1 in the photobleached ROI was quantified over time using the intensity over time function in ImageJ. The recovery of fluorescence intensity (R) was determined by normalizing the intensity at a specific time (Ft) using the formula: R = (Ft−F0)/(Fi−F0), where F0 represents the fluorescence at the time of photobleaching, and Fi represents the fluorescence before bleaching. To account for passive bleaching, an 1 µm ROI within the dendrite was tracked over time and quantified. The fluorescence intensity within the photobleached ROI was normalized to the control, non-photobleached ROI for each scan. Normalized fluorescence recovery data were then collected in Prism software (GraphPad).
Live cell imaging
Cover slips were placed in a magnetic chamber (Chamlide) and imaging was conducted at 37°C with 5% CO 2 using a live cell incubator and regulator (Tokai Hit). Imaging was performed with an Olympus Fluoview 1000 confocal microscope and acquired as 1 µm z-stacks at 63× magnification (2× zoom) with a glycerol immersion objective. Four stacks were obtained per time point in one or two channels. Imaging was done at 30 s or 1 min intervals. For analysis and particle tracking, max projections were obtained using ImageJ and the mTrackJ plugin was used to track particles that were present in a 20 µm long section adjacent to a branch point of a secondary dendrite. A minimum of three cells per cover slip from three independent cultures were imaged.
Rat primary culture
Cortex from embryonic day 18 (E18) Sprague-Dawley rats were prepared as previously described (48) , and plated at a density of 130 cells/mm 2 . Neurons were transfected with Lipofectamine 2000 (Invitrogen) at div10 according to the manufacturer's recommendations, and imaged at div17-21.
Electrophysiology
Whole-cell patch-clamp recordings were performed on cortical cells at div17-26, voltage clamp recordings were obtained at Vh −60 mV and +10 mV and the membrane test function was used to determine intrinsic membrane properties ∼1 min after obtaining whole-cell configuration, as described previously (19, 20, 49 
Cellular reprogramming and characterization of iPS
Skin biopsies were collected from two PD patients [(L6731 (female) and L6634 (male)] carrying a heterozygous c.1858G>A ( p.D620N) mutation in the VPS35 gene. Clinical details have been reported previously (27) . The study was approved by the ethics committee of the University of Lübeck and all participants gave written informed consent. Fibroblasts were reprogrammed into iPS cells by transduction of OCT4, SOX2, cMYC and KLF4 using four retroviral vectors as we have previously described (28) . iPS cells were cultured on mouse embryonic fibroblasts (MEFs). Total RNA was extracted from fibroblasts and iPS cells using the RNA easy protect kit (Qiagen) and reverse-transcribed into cDNA with the Super Script First-Strand Synthesis System (Life Technologies). Quantitative PCR was performed with SYBR Green on the LightCycler 480 system using reported primer sequences (28) .
Neuronal differentiation iPS into DA neurons
The direct differentiation of iPS cells into dopaminergic neurons was performed as described previously (51) . In brief, iPS cell colonies were dissociated into single cells using Accutase (Life technologies) and replated onto matrigel (BD) coated dishes in MEF conditioned medium, supplemented with FGF-b (Millipore) and ROCK inhibitor Y-27632 (EMD Biosciences). Differentiation was started once iPS cells reached a confluence of 100% by adding knockout serum replacement medium supplemented with SMAD pathway inhibitors SB431542 (Tocris Bioscience) and LDN-193189 (Stemgent) . During the first 20 days, several growth factors and small molecules were added to the cell culture medium at various time points as indicated in the published protocol in order to pattern the neurons into the dopaminergic lineage (51) . On day 20 of differentiation, cells were dissociated using Accutase and plated at high density (50 µl drop with 350 000 cells) onto the center of a glass cover slip, previously coated with poly--lysine (Sigma) and Laminin (Roche), in differentiation medium (51) . Neurons were aged for about 50 days.
Immunofluorescence
Primary cortical neurons were plated on cover slips in 24-well plates and fixed in 4% paraformaldehyde for 15 min at div21. Cells were permeabilized with ice-cold methanol (3 min) and blocked with 5% goat serum in PBS prior to incubation with primary antibodies overnight; anti-MAP2 (Abcam), anti-V5 (Abcam), anti-VPS26 (Gift from J. Bonifancino), anti-sortilin (Abcam), anti-PSD95 (Thermo Scientific), anti-synapsin (Millipore) and the rest as described in co-IP. Cells were labeled with appropriate alexa-conjugated secondaries raised in goat (Invitrogen). iPS cells and differentiated neurons were grown on glass cover slips, fixed in 4% formaldehyde for 15 min, permeabilized and blocked with 0.1% Triton X-100 in 4% appropriate normal serum in PBS for 1 h. Immunofluorescence staining was performed using primary antibodies against OCT4 (Abcam), Tra-1-60 (Millipore), Nanog (Cell Signaling), SSEA-4 (Millipore), TUJ1 (Covance), TH (Novus Biologicals) and other antibodies previously described. Appropriate secondary antibodies were obtained from Life technologies. Images were taken with the LSM710 (Zeiss) confocal microscope by using the 20×/0.5 EC Plan-Neofluar objective for the iPSC colonies and the 63×/1.4 Oil Plan-Apochromat objective for the DA neurons.
Supplementary Material
Supplementary Material is available at HMG online.
